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The TrkC neurotrophin receptor belongs to the functional depen-
dence receptor family, members of which share the ability to induce
apoptosis in the absence of their ligands. Such a trait has been
hypothesized to confer tumor-suppressor activity. Indeed, cells that
express these receptors are thought to be dependent on ligand
availability for their survival, a mechanism that inhibits uncontrolled
tumor cell proliferation and migration. TrkC is a classic tyrosine
kinase receptor and therefore generally considered to be a proto-
oncogene. We show here that TrkC expression is down-regulated
in a large fraction of human colorectal cancers, mainly through
promoter methylation. Moreover, we show that TrkC silencing by
promoter methylation is a selective advantage for colorectal cell
lines to limit tumor cell death. Furthermore, reestablished TrkC
expression in colorectal cancer cell lines is associated with tumor cell
death and inhibition of in vitro characteristics of cell transformation,
as well as in vivo tumor growth. Finally, we provide evidence that
a mutation of TrkC detected in a sporadic cancer is a loss-of-
proapoptotic function mutation. Together, these data support the
conclusion that TrkC is a colorectal cancer tumor suppressor.
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he Trk tyrosine kinase receptors and their ligands, the neuro-

trophins, have been studied extensively for their role in nervous
system development. However, TrkA was originally cloned as an
oncogene from colon carcinoma tumors in which the TrkA kinase
domain was fused to the tropomyosin gene in the extracellular
domain (1). This discovery motivated a great number of studies,
which showed that neurotrophins (NGF, BDNF, and NT-4/5, NT-3)
and their respective Trk receptors (TrkA, TrkB, and TrkC), are all
involved in various malignancies (for review, see ref. 2). The initial
(and still generally accepted) view is that Trks, like other tyrosine
kinase receptors, are oncogenic receptors, and therefore pan-Trk
kinase inhibitors are currently being tested in clinical trials (3-5).
Somewhat surprisingly, however, it has turned out that, at least in
tumors such as neuroblastoma and medulloblastoma, TrkA, TrkB,
and TrkC behave very differently, despite their close homology.
TrkA and TrkC expression is associated with a good prognosis,
whereas TrkB is expressed in very aggressive tumors (for review;
see ref. 2). The fact that the high expression of a tyrosine kinase
receptor known to activate prooncogenic pathways (like the
MAPK and PI3K-AKT pathways) is associated with a better out-
come is counter intuitive, and suggests the possibility that TrkA
and TrkC, rather than functioning solely as oncogenes, may also, in
at least some cases, act as tumor suppressors. Although this notion
may be ostensibly paradoxical, two recent independent studies
have lent support to it, by demonstrating that both TrkA and TrkC,
but not TrkB, act as dependence receptors (6, 7).

Dependence receptors, which also include DCC (Deleted in
Colorectal Carcinoma), UNC5H, Patched, Neogenin, and the
RET, EPHAA4, IR, IGFIR, and Alk tyrosine kinase receptors (8-14),
share the functional property of inducing cell death when disengaged
from their ligands, but suppressing their proapoptotic activity when

www.pnas.org/cgi/doi/10.1073/pnas.1212333110

bound by their respective trophic ligands. These receptors thus
create cellular states of dependence on their respective ligands (15,
16). The molecular mechanisms used by these unbound receptors to
trigger apoptosis are in large part unknown (15, 16), but it has been
hypothesized that this characteristic acts as a means of eliminating
tumor cells that would otherwise proliferate in settings of ligand
unavailability, such as exist for invasive or metastatic neoplasms. The
proapoptotic activity of dependence receptors has thus been pro-
posed to confer a tumor suppressor activity that is in turn suppressed
by the presence of trophic ligands. This was formally demonstrated
for the prototype dependence receptors DCC and UNCS5H3/C,
which bind the ligand netrin-1 (16). Both DCC and UNCS5C have
been suggested to be colon cancer tumor suppressors because their
expression is lost or markedly decreased in the vast majority of co-
lorectal cancers (17-20). Moreover, inactivation of UNCSC or spe-
cific inactivation of DCC’s proapoptotic activity in mice was shown to
promote intestinal tumor progression (20, 21). Moreover, it was
recently shown that missense mutations in UNCSC are associated
with risk of familial colorectal cancer (22). As expected for a receptor
that triggers apoptosis in settings of ligand limitation, tumor survival
may be achieved not only by downregulating the proapoptotic re-
ceptor but also by autocrine production of the associated ligand. In
support of this prediction, it was shown that in several cancers, such
as metastatic breast cancer, lung cancer, and neuroblastoma, netrin-
1 is produced in an autocrine manner to block netrin-1 receptor-
induced apoptosis (23-25).

Interestingly, NT-3, the ligand for TrkC, has also been shown to be
up-regulated in neuroblastoma, potentially inhibiting TrkC-induced
apoptosis (26). Therefore, we tested the hypothesis that TrkC
functions as a suppressor of colorectal malignancies, in an analogous
fashion to the netrin-1 receptors. We demonstrate here that ex-
pression of the TrkC gene is down-regulated in colorectal cancers,
primarily because of tumor-associated specific promoter methyla-
tion. We also show that, in colorectal cancer cell lines, re-expression
of TrkC is associated with cancer cell death and loss of traits of cell
transformation in vitro. We also show that TrkC expression con-
strains tumor growth in an avian model. Altogether, our data support
the conclusion that TrkC is a colorectal cancer tumor suppressor.
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Results

Expression of TrkC Is Down-Regulated in Human Colorectal Cancers.
TrkC has been shown to be expressed by epithelial cells (27). We
therefore assessed TrkC gene expression by quantitative real-time
reverse transcriptase PCR (Q-RT-PCR) in a panel of 45 colorectal
cancers, and compared the results to those from corresponding
matched normal tissues. As shown in Fig. 14, although expression of
TrkC was variable but relatively high in most normal tissues,
a markedly decreased expression was observed in matched tumors.
A 10-fold decrease of TrkC expression was observed in over 60% of
the tested tumors, and one-third of the tumors showed a 50-fold
decrease in expression (Fig. 1B). Mean TrkC expression was more
than 10-fold lower in normal tissues than in the corresponding
neoplasms (Fig. 1C, P < 0.001). This marked TrkC decrease was
found to be independent of the stage of the pathology, as it was
similarly detected in stage I, II, III, and IV colorectal cancers (Fig.
S1A). Furthermore, TrkC expression was reduced in tumors not only
in comparison with adjacent normal tissue, but also in comparison
with normal tissues from age-matched healthy patients (Fig. S1B).

To eliminate any potential bias due to heterogeneity in tumor
samples that may exceed that in normal tissue samples, epithelial
cells from tumors and normal tissue were laser microdissected
and assessed for TrkC expression by Q-RT-PCR. In the 8 pairs
of samples assessed, a striking decrease in TrkC expression was
detected in tumor cells (Fig. 1D and Fig. S1C). The loss of TrkC
in neoplastic tissue observed at the RNA level was confirmed at
the protein level by TrkC immunohistochemistry on biopsy sec-
tions from 30 patients (Fig. 1 £ and F).

Whereas TrkC level was observed to be decreased markedly in
colon cancer samples, we failed to detect a gain of NT-3 ex-
pression in these samples (Fig. S1D). This finding argues that, in
contrast to neuroblastoma cells, which typically select a gain of

NT-3 to survive ligand limitation (26) in colon cancer, TrkC loss
is preferentially selected.

TrkC expression was next analyzed in a panel of colorectal
cancer cell lines. As shown in Fig. S1E, most colorectal cancer
cell lines screened were either negative for TrkC or showed only
a modest level of expression compared with the neuroblastoma
cell lines IMR32 and CLB-Ge2, in which TrkC and its ligand
NT-3 were shown to be expressed (26). In this study, we used
colorectal cancer HCT116 and HCTS8 cells as a model. We
confirmed that, in HCT116 and HCTS8 cells, TrkC was not
detected by immunohistochemistry (Fig. S1F).

Taken together, these data support the view that, although
TrkC is expressed in normal colon epithelium, TrkC is silenced
in a large fraction of colon cancer samples and cell lines.

TrkC Expression Is Inhibited via Tumor-Associated TrkC Promoter
Methylation. In an effort to delineate the mechanisms that may
underlie TrkC down-regulation in colon cancer cells, we first an-
alyzed whether loss of heterozygosity (LOH) may occur at the
TrkC locus. Using a restricted panel of colorectal cancers and
matched normal tissues, and a series of microsatellite markers
within the 7rkC gene, we failed to observe any significant occur-
rence of LOH, supporting the view that TrkC down-regulation
results from an alternative mechanism (Fig. S2 4 and B). There-
fore, we transfected a TrkC promoter-luciferase reporter con-
struct into HCT116 and HT29 TrkC-negative cells and into MDA-
MB-436 TrkC-positive cells, and compared luciferase expression.
As shown in Fig. S2C, the exogenous TrkC promoter was activated
in both cell lines, supporting the view that TrkC silencing is not due
to indirect modulation of regulators of TrkC transcription, but
rather to a direct silencing of the endogenous TrkC promoter.
We thus analyzed whether TrkC expression in colorectal cancer
cell lines is restored in the presence of a DNA methylation

Fig. 1. TrkC expression is lost in colorectal tumors.
(A-C) Quantitative real-time RT-PCR was performed
using total RNA extracted from normal (N) and

tumoral (T) tissues with specific human TrkC pri-

mers. PGK showing the less variability in their ex-
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tissues, as described previously (20), was used as
housekeeping gene. (A) The expression levels in 45
colorectal tumors (Tumoral) and corresponding
normal tissue (Normal) are given as a ratio between
TrkC and PGK, the internal control. (B) Table in-
dicating the percentage of patients showing a loss
of TrkC expression in tumor compared with normal
tissue. (C) Mean TrkC expression in tumoral tissues
versus normal tissues is presented. ***P < 0.001,
two-sided Mann-Whitney test, the two means be-
ing compared. (D) Laser capture microdissection
(LCM) was performed on 8 pairs of tumor/normal
tissues (two representative pairs being presented
here), and TrkC expression was determined as in A.
(Upper) The expression levels in 2 colorectal tumors
(T) and corresponding normal tissue (N) are given
as a ratio between TrkC and PGK. (Lower) Typical
microscopic visualization of LCM on colon section
from human normal (N) or tumoral biopsies (T).
Sections are shown before LCM (Left) and after LCM
(Right), as the captured material is confirmed under
microscopic visualization before processing for RNA
extraction. (E) Immunostaining of TrkC protein was
performed on tissue sections isolated from biopsies
of two different patients and counterstained with
Mayer's hematoxylin. N, normal tissue; ADK, adeno-
carcinoma. (F) Table showing the correlation between
TrkC mRNA expression and TrkC protein expression
determined by immunostaning in pair normal/tumor
for 30 patients in the panel of 45 patients.
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Fig. 2. TrkC is re-expressed in HCT116 colorectal cancer cell line following
epi-drugs treatment. (A and B) HCT116 cells were treated for 72 h with
decitabine (A) or for 24 h with Saha or MS 275 (B) at the indicated con-
centrations. TrkC expression was measured by Q-RT-PCR, using PGK as in-
ternal control. (C) Chomatin immunoprecipitation performed on HCT116
cells treated or not with 5 uM Saha or 5 pM MS275 using the following
antibodies: total H3, H3-K27Me3 (mark of transcription repression) or H4-
pan-acetyl (mark of transcription activation). The experiments were done
with one primers couple. Graphs show relative enrichment over input. En-
richment for control cells is set at 1 in each individual experiment. Data are
the mean + SEM of at least two independent experiments. (D) The level of
TrkC and NT-3 mRNA was measured in wild-type (WT) and HCT116 cells
invalidated for DNMT1 and -3B (DNMT DKO) by Q-RT-PCR.

inhibitor. As shown in Fig. 24 and Fig. S2D, treatment with 5-aza-
2’-deoxycytidine (Decitabine) of HCT116 and HCTS cells, re-
spectively, was associated with restoration of TrkC expression.
Similar results were obtained when HCT116 or HCTS cells were
treated with inhibitors of histone deacetylases (HDAC:I), such as
Saha or MS275 (Fig. 2B and Fig. S2E). HCT116 cells treated with
Saha or MS275 accumulated acetylated H4 on the TrkC pro-
moter, as revealed by chromatin immunoprecipitation (ChIP)
using an H4 pan-acetylated antibody (Fig. 2C). Because H4
acetylation is generally associated with activation of transcription
(28), this observation supports the view that HDACs repress TrkC
expression in HCT116 cells. In support of this view, a decrease in
the level of the repressive H3K27Me3 epitope (29) was observed
at the TrkC promoter upon treatment with Saha and MS275, in
association with the induction of its transcription (Fig. 2C).

To exclude the possibility that these data were due to drug tox-
icity, we analyzed TrkC expression in HCT116 cells null for both
DNMT1 and DNMT3B, two important DNA methyltransferases
(30). As shown in Fig. 2D, TrkC expression was increased in
HCT116 DKO DNMT1 and DNMT3b cells compared with wild-
type HCT116. Taken together, these data indicate that TrkC ex-
pression is repressed by methylation and HDAC-driven deacety-
lation in HCT116 colorectal cancer cells.

We then investigated whether methylation of the TrkC pro-
moter occurs in colorectal cancer. This was assessed in a panel of
30 colorectal tumors and compared with adjacent normal tissues.
Putative CpG islands found in the TrkC promoter (Fig. 34) were
investigated for methylation by bisulfite sequencing. Following
PCR amplification of the TrkC promoter (Fig. 3A4), pyrose-
quencing was used to determine the bisulfite-converted sequence
of 12 CpG sites in this amplicon. The ratio of C-to-T at individual
sites was determined quantitatively, based on the amount of C and
T incorporation during the sequence extension (Fig. S3). In
HCT116 and HT29 colon cancer cell lines lacking TrkC, the 12
CpG sites displayed a methylation rate of 100%, whereas they
were not methylated in TrkC-positive cells (HCT116 DNMTs
DKO and MDA-MB-436) (Fig. 3B). We then analyzed TrkC
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promoter methylation in matched normal and neoplastic co-
lorectal tissues. The frequency of methylation was highly signifi-
cantly increased in the tumor samples, compared with the normal
samples (Fig. 3C). We verified that the methylation was observed
homogeneously on each of the 12 CpG sites analyzed (Fig. 3D).
We observed a statistically significant inverse correlation between
TrkC expression and the intensity of methylation (Fig. 3E). Thus,
TrkC expression is lost or strongly decreased in colorectal tumors
through specific tumor-associated promoter methylation.

TrkC Expression Inhibits Colorectal Tumor Growth by Triggering Tumor
Cell Apoptosis. The very frequent loss or reduction of TrkC ex-
pression in colorectal cancer suggests that the presence of TrkC
acts as a constraint on colorectal tumor development. Therefore,
we analyzed whether TrkC inhibits in vitro the phenotypic hall-
marks of malignant transformation: anchorage-independent
growth and the ability to migrate (31). HCT116 cells were tran-
siently transfected with a TrkC-expressing construct and allowed
to grow in soft agar. Expression of TrkC receptor in HCT116 cells
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Fig. 3. TrkC promoter is hyper-methylated in tumoral colorectal tissue. (A)
A schematic representation of TrkC promoter is shown. The main CpG island,
the transcription start site (TSS), and translation starting codon (ATG) are
represented. The primers used for the pyrosequencing of the 12 CpG sites
indicated were located in (+180;+205) and (+453;+476). (B) Analysis by
pyrosequencing of the TrkC promoter methylation in TrkC-negative cells
(HCT116 WT, HT29) and in TrkC-positive cells (HCT116 DNMT DKO colorectal
cell lines and MDA-MB-436 breast cell line). (C) Analysis by pyrosequencing
of the TrkC promoter methylation in matched normal and tumoral colorectal
tissues from 30 patients in the panel of 45 patients. Statistical analysis has
been performed using two-sided Mann-Witney test. ***P < 0.001. (D)
Pyrosequencing of the TrkC promoter methylation in matched normal and
tumoral colorectal tissues from a single patient. A representative diagram
showing the methylation level on each of the 12 CpG sites analyzed is
shown. (E) Inverse correlation between the decrease of TrkC mRNA level and
DNA methylation of the TrkC promoter.
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prominently inhibited growth in soft agar (Fig. 44 and Fig. S44).
Furthermore, by following the closure of a scratch performed in
a HCT116 monolayer (Fig. 4B), or their migration through a
transwell device (Fig. S4B), we observed that TrkC expression
inhibited the migratory capacity of HCT116 cells. This observation
is somewhat surprising, because one might expect forced expres-
sion of a tyrosine kinase receptor to promote anchorage-in-
dependent growth and migration. Concurrently, when the same
anchorage-independent growth and migration assays were per-
formed in the presence of the TrkC ligand NT-3, the TrkC effect
was antagonized (Fig. 4 A and B and Fig. S4B). Together, these
data support the view that unliganded TrkC constrains colorectal
cancer cell growth and migration, supporting the hypothesis that
TrkC functions as a dependence receptor that is frequently down-
regulated in colorectal malignancies.

We next determined whether this in vitro tumor suppressive
effect is related to the ability of TrkC to behave as a dependence
receptor. As noted above, we observed that upon scratch or
transwell assays, the inhibitory effect of enforced expression of
TrkC was completely inhibited by addition of the general apo-
ptosis inhibitor zZVAD-fmk (Fig. 4B and Fig. S4B). TrkC was then
expressed in HCT116 cells, and cell death was determined by
following caspase-3 activation, either by measurement of caspase-
3 substrate cleavage (Fig. S44) or by cleaved caspase-3 immu-
nostaining (Fig. 4 C and D). As shown in Fig. 4 C and D and Fig.
S4C, enforced TrkC expression efficiently triggered HCT116 cell
apoptosis, and the addition of NT-3 was sufficient to block TrkC-
induced apoptosis. Similar results were obtained with the HCTS8
TrkC-negative colon cancer cell line (Fig. S4 D and E). Moreover,
we observed that enforced expression of the TrkC domain that is
necessary and sufficient to induce apoptosis, the so-called TrkC
Killer Fragment (TrkC KF) (6), is sufficient to inhibit anchorage-
independent growth to an extent similar to that of TrkC (Fig.
S4C). Together, these data support the view that TrkC is a colon
cancer tumor suppressor due to its dependence receptor activity.

To analyze the tumor suppressive activity of TrkC in vivo,
HCT116 cells with or without enforced TrkC expression were
xenografted to the chorioallantoic membrane (CAM) of 10-d-old
chicken embryos (Fig. 54). The CAM of chicken embryos is a well
described model to study primary tumor growth and metastasis (25,
26, 32). Seventeen-day-old chicken embryos were analyzed for
primary tumor size. As shown in Fig. 5 B and C, tumors derived
from the TrkC-transfected cells were significantly smaller than
tumors derived from mock-transfected cells. TUNEL staining of
the tumors revealed that the inhibition of tumor growth triggered
by unliganded TrkC was associated with its proapoptotic activity,
because an increased number of apoptotic cells was detected in

Fig. 4. Re-expression of TrkC limits the
hallmarks of colorectal cancer cells
transformation via apoptosis induction.
(A) Control, TrkC, or both TrkC and NT-3
overexpressing HCT116 cells were grown
in soft agar for two weeks. The number
of colonies was counted in five random
fields and the average number per field
was calculated. Data represent mean +
SEM *P < 0.05, ***P < 0.001, two-sided
Mann-Whitney test, compared with
control. Photographs of representative
colonies for each condition are shown.
(B) Scratch assay was performed on
HCT116 cells expressing control vector
and TrkC with or without NT-3 and z-
VAD-fmk addition. The scratch open
area was measured at 0 h and 96 h and
the migration distance was determined.
Representative photographs are shown.
(Cand D) Control, TrkC or both TrkC and

tumors derived from TrkC expressing cells compared with control
tumors (Fig. 5 D and E). Conversely, the presence of NT-3 com-
pletely suppressed the inhibitory activity of TrkC, supporting the
view that TrkC functions as a colon cancer tumor suppressor in vivo
by virtue of its dependence receptor effect.

TrkC Gene Is Mutated in Human Sporadic Cancer. The view that TrkC
expression down-regulation is selected in most sporadic co-
lorectal cancers, and that this down-regulation is associated with
a reduction in tumor cell death, suggests the possibility that some
sporadic cancers may exhibit specific loss-of-proapoptotic func-
tion mutations rather than overall down-regulation of TrkC. We
therefore searched for putative 7rkC gene mutations in the panel
of tumors submitted to deep-sequencing and included in the
Cosmic database (www.sanger.ac.uk/perl/genetics/CGP/cosmic?
action=gene&In=NTRK3) or described in ref. 33. As shown in
Fig. S54, somatic missense mutations of TrkC have been detected
in gastrointestinal tract cancers. Of interest, several missense
mutations were detected within the killer fragment of TrkC
(amino acids 495-641), which also encompasses part of the TrkC
tyrosine kinase domain (amino acids 538-839). Therefore, we
determined whether these mutations were gain-of-function
mutations constitutively inducing kinase activation (as classically
observed for other tyrosine kinase receptors) or whether they
represented instead loss-of-proapoptotic function mutations, as
expected based on the dependence receptor paradigm. The var-
ious mutations shown in Fig. S54 were therefore introduced into
a TrkC-expressing construct, focusing on the TrkC E543D and
D584E mutations, and these were expressed in HCT116 cells and
HCTS cells (Fig. S5B). In both HCT116 (Fig. S5 B and C) and
HCTS (Fig. S5D) cells, the E543D mutation did not affect TrkC
proapoptotic activity; however, the expression of the TrkC E543D
mutant constitutively induced Erk-1/2 activation, compared with
wild-type TrkC (Fig. S5E). Thus, as expected for a tyrosine kinase
receptor acting as a classical oncogene, the sporadic mutation
E543D is most likely to be a gain-of-function mutation. In con-
trast, however, the D584E of TrkC did not affect Erk-1/2 activity
(Fig. S5E) but completely abrogated TrkC proapoptotic activity
(Fig. S5 B-D). Furthermore, one of the detected mutations (TrkC
E556*) is a nonsense mutation that truncated TrkC amino-
terminally to most of its proapoptotic domain; in addition, we
failed to detect any TrkC protein production when expressing
D565H and D609V mutants. These data demonstrate that at least
two different classes of tumor-associated TrkC mutants may be
distinguished: those that result in a gain-of-oncogenic function,
and those that result in a loss-of-proapoptotic-function, destroy-
ing the tumor-suppressive effect of TrkC.
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NT-3 overexpressing HCT116 cells were immunolabeled for active caspase-3. Representative photographs are shown in C. The quantification and the corre-
sponding Western blot controlling TrkC expression level are shown in D. ***P < 0.001, two-sided Mann-Whitney test.
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Fig. 5. TrkCexpression induces tumor growth inhibition in vivo. (A) Schematic
representation of the experimental chick model. HCT116 cells, transiently
transfected with various plasmids, were grafted in CAM at day 10. Tumors
were harvested on day 17, measured, and sectioned for TUNEL staining. n =
10-15 for each condition. (B) Representative images of HCT116 primary tumors
formed. HCT116 cells were either transfected with empty vector (Ctrl), TrkC
and treated with NT-3 (10 ng/mL) or not, before graft. (Scale bar: 2 pm.) (C)
Quantitative analysis showing the size of the respective primary tumors de-
scribed in B; *P < 0.05, two-sided Mann-Whitney test. (D) Representative
images of TUNEL-positive cells in sections performed on the respective primary
tumors described in B. (Scale bar: 100 pm.) (E) Quantification of the TUNEL-
positive cells described in D. The red bars indicate the respective mean of the
various measures performed for each sample. ***P < 0.001, two-sided Mann-
Whitney test.

Discussion

Here we have presented evidence that TrkC is a colorectal cancer
tumor suppressor, whose function is abrogated or strongly down-
regulated in the vast majority of colorectal tumors. In support of
the hypothesis that TrkC functions as a dependence receptor, we
show that a reduction in TrkC expression allows survival in set-
tings of NT-3 limitation, which may be a selective advantage for
colorectal cancer cells. In human colorectal tumors, this selective
advantage is achieved primarily by promoter methylation.
According to the dependence receptor theory, an equivalent
selective advantage to losing TrkC would occur through a gain of
autocrine expression of NT-3. However, whereas it was shown
that in other neoplasms such as neuroblastomas, NT-3 is part of
an autocrine loop that blocks TrkC-induced apoptosis (26), this
mechanism is absent or rare in colon cancer. Why TrkC is down-
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regulated in some tumors, such as colorectal cancer, whereas
NT-3 expression is gained in others, remains to be investigated.
Of interest, although the detected gain of NT-3 in some tumors
could be interpreted as a classic oncogenic stimulation of a ty-
rosine kinase receptor, similarly to what is seen for many other
oncogenic tyrosine kinase receptors (34, 35), the loss of TrkC
expression in colorectal cancer clearly does not support the no-
tion that TrkC functions solely as an oncogenic tyrosine kinase
receptor. Instead, these findings support the view that TrkC is
a tumor suppressor, and we present evidence both in vitro and in
vivo that TrkC acts as a tumor suppressor via its dependence
receptor function. Moreover, the expression of TrkC is a marker
of favorable outcome in cancers of nervous tissue origin such as
neuroblastoma (36, 37) and medulloblastoma (38, 39), in favor
of the argument that in most cancers, TrkC is primarily a tumor
suppressor, via its dependence receptor function, rather than
a proto-oncogene via its tyrosine kinase activity. This does not
hold true, however, for the translocation resulting in the ETV6
fusion to the intracellular domain of TrkC first reported in acute
myeloid leukemia with #(12, 15)(p13;q25) (40) and later also
observed in breast carcinoma (41), T-cell lymphoma (42), and
congenital fibrosarcoma (43, 44), for which the balance between
TrkC proapoptotic activity and prokinase activity is probably
shifted toward the prokinase activity.

Although the data presented here support the hypothesis that
TrkC triggers apoptosis of cancer cells or precancerous cells in
settings of ligand limitation, it may be of interest to compare the
effects of TrkA expression to those of TrkC expression. Although
TrkA has recently been shown to be a dependence receptor,
triggering apoptosis in the absence of ligand (7), and although
preliminary data support the view that TrkA expression is also
decreased in colorectal cancer, TrkA, in contrast to TrkC, has
been reported to induce apoptosis not only following NGF re-
moval, but also in at least some cancer cell lines when engaged by
NGEF. For example, NGF treatment of TrkA-expressing medul-
loblastoma cells induces cell death (45), and pheochromocytoma
PC12 cells expressing TrkA were rendered susceptible to cell
death following NGF-treatment (46). Similarly, the expression of
TrkA in rat glioma cell line reduced its invasiveness in correlation
with a higher rate of apoptosis (47), whereas TrkA-transfected
U20S osteosarcoma cells also underwent cell death (48). These
results with TrkA and NGF raise the question of whether TrkC
functions as a tumor suppressor only via its dependence receptor
activity, or whether NT-3 contributes to this activity. To date, we
have not observed NT-3 mediated TrkC-induced apoptosis.
Moreover, the absence of significant decrease of NT-3 expression
in colon cancer supports the notion that the tumor-suppressive
activity of TrkC is explained by its dependence receptor function.

Bardelli et al. (33) reported the spectrum of mutations within
the kinase domain of tyrosine kinase proteins detected in sporadic
colorectal cancers, with the view that these mutations were gain-
of-function, oncogenic mutations. Interestingly, TrkC was one of
the most frequently mutated kinases identified (33). That report,
together with the recent effort in deep-sequencing of human
tumors, demonstrates that TrkC displays a large spectrum of
missense mutations. The large spectrum of mutations covering
the entire TrkC coding sequence (Fig. S5) is a further argument in
support of a role of TrkC as a tumor suppressor. Moreover, here
we distinguish two classes of tumor-associated TrkC mutants:
those acting as oncogenic mutants (such as TrkC E543D), and
those acting to abrogate the TrkC proapoptotic effect. It remains
to be investigated whether or not each member of this latter class
of mutants affects the generation of the proapoptotic TrkC killer
fragment, the recruitment of proapoptotic proteins to this killer
fragment, or the TrkC protein stability. Ongoing deep-sequencing
should reveal novel mutations of TrkC in neoplasms, and further
work should determine whether these mutations are oncogenic-
gain-of-function mutations or, as shown above, they are loss-of-
proapoptotic-function mutations. We present data demonstrating
that the TrkC dependence receptor is a colon cancer tumor
suppressor and, as such, plays a similar role to DCC and UNC5H,
other dependence receptors whose expression is abrogated or

PNAS | February 19,2013 | vol. 110 | no.8 | 3021

g
=
H
[
H
=
o
v}
1]
o
wv

MEDICAL SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1212333110/-/DCSupplemental/pnas.201212333SI.pdf?targetid=nameddest=SF5

markedly reduced in colorectal cancers (20, 22, 49). Similarly to
what we observed for TrkC, promoter methylation is a mecha-
nism that underlies colorectal cancer-associated down-regulation
of DCC and UNCSH. This result is of particular interest in the
light of the currently clinically tested inhibitors of methylation or
of histone deacetylases that have an anticancer effect (for review,
see ref. 50). Whether part of this efficiency is due to reactivation
of DCC, UNCS5H, or TrkC dependence receptor and associated
apoptosis induction remains to be investigated.

Experimental Procedures

A full description of the experimental procedures is given in S/ Experimental
Procedures.

Analysis of Colorectal Samples. This study is based on 90 colorectal samples
from a cohort of 45 patients. To assay TrkC expression in human colorectal
samples, total RNA was extracted from biopsies of patients undergoing sur-
gery for colorectal cancer. Q-RT-PCR was performed using standard proce-
dures and primers as described in S/ Experimental Procedures. Immunostaining
of patient biopsies sections was performed with an anti-TrkC antibody. Sec-
tions were counterstained with a Mayer’s Hematoxylin coloration.
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Cell Lines, Treatment, Plasmids, TrkC Site-Directed Mutagenesis, and Transfection
Procedure. Colorectal cancer cell lines HCT116, SW480, HT29, V9P, Caco-2,
Colo320, HCT-15, SW48, SW620, SW116, SW480, ISP1, LS1034, SW837, and
HCT8 have been described. The HCT116 double knockout for DNMT1 and
DNMT3b (DKO) have been described and were kindly provided by
B. Vogelstein (Ludwig Center at Johns Hopkins, Baltimore, MD) (30). The full-
length TrkC expressing plasmid was described (6). Mutations were generated
on the human TrkC gene using the QuikChange Site-Directed Mutagenesis kit
(Stratagene). The plasmid constructs were transfected using JetPrime trans-
fectant (PolyPlus) following manufacturer’s instructions.
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